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Abstract: 
Rechenberg DK, Zehnder M. Molecular diagnostics in endodontics. Endod Topics 
Recent systematic reviews have substantiated the fact that current testing methods to assess the 
inflammatory state of the pulp and the periapical tissues are of limited value. Consequently, it 
may be time to search for alternative routes in endodontic diagnostics. Molecular assessment 
methods could be the future. However, in the field of endodontics the research in that direction is 
only about to evolve. Because pulpal and periradicular disease are related to opportunistic 
infections, diagnostics can either target microorganisms or the host reaction. This communication 
discusses clinical situations, in which molecular assessment of infection or host reaction could be 
of interest. Methods, collection sites, current state of research and unresolved problems are 
evaluated. 
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Introduction 
The term “diagnosis” stems from the ancient Greek concept of relating a disease to a tangible 
cause rather than to the will of a higher power. Translated to English, diagnosis, from δια and 
γνώση, means “thorough understanding”, i.e. to understand the cause-effect relationship in a 
specific disease. In clinical endodontics, the cause of disease is opportunistic infection of dental 
hard tissues by oral or transient microorganisms (1, 2). If these infections are removed, the dental 
pulp and periapical tissues have a high propensity to heal (3, 4). Consequently, endodontic 
diagnostics should focus on either the extent of the microbial infection, or the inflammatory 
reaction of the host tissue. Strangely enough, current methods do neither (5, 6). Instead, pulp tests 
are based on triggering a nerve response, while periapical diagnostics rely on radiographic 
imaging. These methods have their clear benefits in everyday clinical practice, but also their 
limitations, which have been discussed elsewhere (5-7), and shall not be detailed in the current 
communication. Methods concentrating on pulpal blood flow are also beyond the scope of this 
communication and not discussed. Laser Doppler flowmetry (8), pulp oxyometry (9), and dual-
wavelength spectrophotometry (10) can be useful in coronally intact front teeth after trauma (6). 
However, the application of those methods is limited by their inability to monitor teeth with 
restorations and lateral teeth. Therefore it is unlikely that they will gain much relevance in 
restorative dentistry and endodontics. 
The great majority of papers on pulp diagnosis has focused on the question: is the pulp 
histologically/clinically vital or necrotic? Based on this dichotomized outcome, sensitivity and 
specificity of a test can be calculated. In clinical practice, however, other questions are asked, 
such as: “Will the pulp survive after I placed a permanent restoration?” or “Is the periapical 
inflammation about to recede after root canal treatment has been initiated?”. These questions are 
not addressed at all with current diagnostic tools.   
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This paper will focus on the possibility to diagnose pulpal and periapical inflammation via 
molecular markers. As is discussed in the following text, this approach could reveal information 
from a spatially restricted area, which may help to save vital tissues.  
 
A brief take on the status quo of endodontic diagnostics 
Monitoring pulpal health 
The history of a tooth can have a great impact on treatment decision. However, in the context of 
correct diagnosis of the state of the pulp, anamnestic information can only contribute to, but not 
tell, the overall picture. It has been shown that whether or not a tooth has a history of pain does 
not necessarily reveal much about its condition (11, 12). Monitoring pulpal health is therefore 
recommend during routine dental check-ups and after operative procedures aiming at maintaining 
pulpal vitality. The most common method is the cold test, using either a carbon dioxide pencil or 
a cotton pellet saturated with refrigerant spray (1,1,1,2-tetrafluoroethane). The application of cold 
to tooth crowns stimulates vital, thermo-sensitive nerve fibers. In case of a sensitive pulp the 
patient perceives a tickling or painful sensation. Further methods are the application of heat, 
electric currents (electric pulp test), or even test drilling through present restorations. However, 
the validity of such tests is frequently limited in teeth with coronal restorations, with pulp canal 
obliteration, or after trauma. The advantages and disadvantages of the respective methods are 
discussed in detail elsewhere (5-7, 13). Nevertheless, it is worth mentioning in that context that 
all the common pulp tests solely rely on the patient’s subjective response to a stimulus. 
Depending on several factors like anxiety, cultural background or the patient’s mood, this 
stimulus can be perceived differently. Because current pulp tests are not able to identify the state 
of the pulp, they should be called “sensitivity tests” rather than “vitality tests”. 
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Monitoring periapical health 
Teeth with a negative sensitivity test are checked radiographically to identify the presence or 
absence of apical periodontitis. The presence of a periapical radiolucency is correlated with 
pulpal necrosis and histologic signs for inflammation at the periapex (14). However, intact tissues 
including nerve fibers have been observed histologically in the pulp stump of the apical root 
third, despite the presence of an apparent periapical lesion (15). Moreover, on single radiographs, 
it can take up to one year to see a decisive change in the appearance of the periapex (16). A 
further problem with two-dimensional imaging is anatomical blurring. (17, 18). Apical 
periodontitis in cancellous bone, for example, can be non-detectable radiographically, even 
though extensive disease is present (17, 18). In theory, three-dimensional imaging may overcome 
this problem (19). However, radiation to oral tissues with current methods is still not acceptable 
for standard monitoring (20). Furthermore, while such data exist for conventional radiographs 
(14, 21), the correlation between the histology of periapical tissues and their radiographic 
appearance has not been established in three-dimensional images. As an example, it is not know 
what scar healing would look like on cone-beam images (22). Moreover, as shown most recently, 
healthy teeth can have a widened ligament in cone-beam images (23). 
 
Pulpal and periapical inflammation 
In the context of diagnostics, it would appear to be of utmost importance to understand the 
inflammatory diseases we treat or try to prevent in everyday clinical practice. Our focus should 
especially be on the location of the inflammation at a given condition (Fig. 1). 
Pulpal inflammation, in the vast majority of cases, is triggered by micro-organisms. These enter 
the pulp space either through caries (15), traumatic fractures or cracks in the dentin (24), or, in 
the absence of a functioning pulp, exposed dentinal tubules (25). The oral microbiota interacts 
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with the hard tissues of the tooth crown. This is also why the infectious process initiates in the 
crown or the cervical area of the tooth. As the infection progresses from the coronal to the apical 
aspects of the root canal system, a radiographic lesion around the portals of exit of the root canal 
system becomes apparent. The radiographic lesion reflects the advancing periapical bone 
resorption, which is part of the host response to the presence of micro-organisms in the root canal 
(26). As the disease process continues, biofilm formation occurs all the way into the complex 
anatomy of the root apex (27), which can be extremely difficult to debride and disinfect (28, 29). 
This may be seen as the biological reason why the presence or absence of a periapical lesion prior 
to intervention is the main predictor for the radiological outcome of root canal treatment (30, 31).  
From the aspect of preventive dentistry, it should be clear that hindering the progression of pulpal 
infection should be the aim. Conceptually, as Paracelsus knew 500 years ago: “If you prevent 
infection, Nature will heal the wound by herself“ (32). At the same time, vital, non-infected 
tissues should be preserved. Primum non nocere (Scribonius Largus, approximately 50 AD) has 
remained a core ethical principle in medicine (33). This is currently not done, or at least not 
consequently practiced in everyday clinics. As will be discussed below, the lack of proper 
diagnostic methods plays a major role in this context. Or in other words: as long as we do not 
know what we treat, overtreatment seems to be easier and more predictable than preservation of 
vital tissues. As an example, if we attempt to maintain vitality in a pulp, which is, in reality, 
irreversibly inflamed, the patient may experience excruciating pain in the future (Fig. 1, top 
right). In a retrospective study on the survival of pulps after direct pulp capping procedures in 
teeth with a normal response to the cold test, a mere 20% of the pulps remained vital after 10 
years (34). This also suggests that at least 50% of the teeth that lost pulpal vitality during the 
observation period should have caused some form of memorable discomfort to the patient (12).  
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Treatment concepts: from the crown to the apex and back again 
Maintaining coronal pulp vitality 
Infection of the dentin-pulp continuum usually initiates in the coronal aspect of the tooth and 
progresses apically. The main reason is caries, which will be discussed in some detail. However, 
cracks in the dentin should not be left unmentioned, as they can be the hidden cause of 
irreversible pulpitis and its typical clinical symptoms (35). Regardless of the route of microbial 
challenge to the pulp, it is not quite clear when an actual intervention into the pulp is necessary 
and when it is not. In caries that does not reach into the inner 1/3 of the dentin, complete 
excavation is not mandatory. A tight coronal seal is apparently sufficient to arrest the process 
(36). The same may be true for caries that reaches into the inner 1/3 on the preoperative 
radiograph. At least in the short-term, step-wise excavation has consistently performed better 
than full excavation in terms of maintaining pulp vitality (37-39). However, patients experiencing 
spontaneous pain prior to treatment were excluded in these studies. If pain is taken as an 
outcome, there was no difference between stepwise excavation and direct pulp capping. In the 
most detailed and scientifically sound randomized trial on the topic of complete versus partial 
excavation to date (39), 8 of 143 patients in the stepwise excavation group experienced 
unbearable pain leading to pulpectomy within the first year after treatment, compared to 7 of 149 
patients in the complete excavation group (P = 0.93). Long-term follow-up studies exist only for 
direct pulp capping. These show a consistent yearly failure rate, culminating in maintained pulpal 
vitality as low as 20% after 10 years (34).  
Another, often overlooked, reason for loosing pulpal vitality is devitalization through preparation 
of teeth for indirect fixed reconstructions. Systematic reviews have suggested that roughly 10% 
of abutment teeth pulps become necrotic within 10 years after restoration (40). However, the true 
number may be higher, as these reviews included studies that did not specifically focus on the 
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assessment of pulp vitality. Cheung and co-workers followed 199 initially vital abutment teeth 
for a mean of 15 years (41). Of these teeth, 77 were bridge abutments, while 122 were restored 
with single metal-ceramic crowns. Of the bridge abutments, 32.5% became necrotic during the 
observation period, compared to 15.6% of the crowned teeth (P < 0.93). This is in line with the 
classic study on teeth with advanced periodontal disease that were included in long-span bridges 
(42). Of the abutment teeth, 15% developed pulpal necrosis over 9 years, compared to 3% of the 
teeth, which were not included in the reconstructions. 
 
Pulpotomy versus pulpectomy 
In current clinical practice, the treatment of teeth with necrotic, partly vital, and vital pulps is the 
same: full pulpectomy. The designated treatment goal of pulpectomy is the removal of all organic 
substrate from the root canal system (43). This, however, is not based on any biological or 
clinical facts (44), but rather on radiological esthetics. Earlier authors realized that dentin chips 
obtained from instrumenting non-infected root canals are the perfect biomaterial to seal off root 
canals (45, 46). The preparation goal in many schools was to instrument 3 mm short in vital 
cases, to maintain a vital pulp stump in the apical root canal system (47). This concept, however, 
has not stood the test of time. The reason for instrumenting to full working length is probably 
two-fold: the endodontist can show his or her skills on the radiograph, which can then be 
appreciated at recall also by another dentist, who may not know whether a tooth contained a vital 
pulp prior to treatment or had apical periodontitis. The second reason is that during endodontic 
treatment it is currently not possible to know whether the remaining tissue is free of bacterial 
infection or not. Conversely, it may be so that in most vital teeth with irreversible pulpitis, it is 
unnecessary to instrument and fill the root at all. Complete pulpotomy, i.e. the removal of the 
coronal pulp without entering the root canals, in combination with a tight coronal seal, could 
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become a valid treatment in cases of irreversible pulpits (48).  Some randomized trials have 
pointed in that direction (49, 50). Unfortuantely, the authors of these articles were found guilty of 
submitting data to different journals simultaneously. Their articles on pulpotomy versus 
pulpectomy were removed from the Journal of Dental Research and the Journal of Endodontics. 
Consequently, we have to wait for results from other groups to validate these potentially 
important data.  
 
Pulp tissue engineering 
Tissue regeneration strategies have gained substantial attention in the dental literature over the 
recent years (51). Among the regenerative dental procedures, revascularization of a necrotic pulp 
space appears to be the treatment option that holds the most promise for the immediate future 
(52). The idea to revascularize a necrotic pulp space to induce continuing root formation is not 
new. In fact, it is a common procedure in dental traumatology (53). The first report to describe 
this procedure in teeth affected by caries and its sequelae dates back half a century (54). 
However, a subsequent study in vital and non-vital human teeth of adult patients showed that 
revascularization was only possible in teeth that had contained a vital pulp prior to treatment (55). 
The tooth revascularization concept disappeared for three decades, only to resurge some years 
ago in the form of case reports (56). The so-called revascularization procedure is deemed to be 
especially helpful in children with teeth with incomplete root formation. In a first visit, the root 
canal system is disinfected by irrigation with a sodium hypochlorite solution and the placement 
of an antibiotic paste. In a following visit, the paste has to be removed, and after inducing 
bleeding from the apical tissues, the blood clot in the coronal aspect of the root canal is sealed off 
using a calcium-silicate cement covered by a permanent restorative material (57). Ideally this 
procedure results in continuing root development in length and width. Recent observations, 
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however, question whether new dentin formation really occurs. What probably happens is that, 
once the infection is treated, periodontal tissues grow into the pulp space of the immature root 
with the open apex (58). A track that has not been followed, but would be worth doing so, is the 
idea to grow back pulps in cases with some vital pulp aspects. Recent advances in tissue 
engineering and cell homing could make it possible to extend this concept to adult teeth, which 
contain some vital pulp tissue (59).  
 
Why could molecular diagnostics be helpful? 
The patient’s subjective response to traditional pulp sensitivity tests should be overcome. 
Furthermore, diagnostic methods should be more site-specific and accurate than the tests we 
currently have. This would enable to avoid overtreatment and to maintain vital tissues. Such 
methods could help to delineate the spatial level of surgical intervention, i.e. debridement, 
necessary in a given clinical situation. In restorative dentistry, this could help to determine 
whether a pulp needs any kind of treatment prior to restoration or not. This would be helpful for 
direct or indirect pulp capping procedures as well as for the assessment of the general pulpal 
health before replacement of fillings or indirect restorations. In terms of the root canal treatment 
itself, it would be good to know whether a pulp can be kept in its entirety, or, if pulpotomy or 
amputation of the pulp is intended, at which level this procedure should be executed. 
Furthermore, if pulpectomy is performed in teeth with apical periodontitis, it should be helpful to 
know whether the inflammation in the periapex is about to heal prior to obturation of the root 
canal system.  
For all the above tasks, molecular analysis of the site of invention could be of diagnostic value. 
As we deal with opportunistic infections, the first question that arises in this context is whether 
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molecules that reflect bacterial presence or counterparts that indicate the inflammatory state of 
the involved tissues would be preferable to identify and/or analyze. 
 
Bacteria or host response? 
Targeting bacteria allows direct assessment of the cause of disease. Historically, the root canal 
content was cultured either to confirm the reduction or absence of bacteria prior to obturation, or 
to define the individual bacterial composition of the infection. The latter was done to generate an 
antibiogram, on which the clinician was supposed to choose the suitable antibiotic for the therapy 
(60). However, endodontic infections have been shown to be non-specific and composed of 
mixed microorganisms (61). They are driven by ecological factors rather than specificities of the 
invading species, and thus the concept of the “ecological plaque hypothesis” (62) should not only 
be extended to periodontal but also to endodontic infections (63). Taken together, those 
circumstances make it rather unlikely that is might be possible to identify an individual key 
microorganism, or even a specific group-set of microorganisms, of superior diagnostic value. The 
elusiveness of site-specific micro-organisms, which are routinely present at the forefront of 
endodontic infections, but absent from other oral sites, renders root canal sampling for diagnostic 
purposes error-prone. Culture methods, once mandatory for dental students, have been questioned 
and abandoned for routine root canal treatments (44). In addition, there are methodological 
pitfalls associated with culturing microorganisms from root canals (64). Contamination is always 
a problem. Meticulous precautions have to be applied to avoid false positive results when 
microbial samples are collected from root canals for research purposes (65, 66).  
As a more straight-forward alternative to culturing, it may be possible to identify sessile bacterial 
aggregates directly by simple optical methods (Fig.2). It has been shown that bacterial colonies 
can be excited with filtered xenon light (405±20 nm) and viewed through a 530-nm high-pass 
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filter (67). This approach is used in cariology for conservative caries excavation (68). There is 
now a commercially available system on the market called FACE (fluorescence-aided caries 
excavation, Sirona, Bensheim, Germany). Effectively, FACE does not trace bacteria, but 
porphyrine compounds in dentin associated with microbial presence (69). Theoretically, this 
method could be helpful to be used in vital pulp therapy. After a pulpotomy procedure, it could 
be used to assess whether the remaining tissue or the root canal dentin is infected or not. 
However, it is currently not known whether fluorescence methods are suitable to track pulpal 
infection. Studies should be performed to figure this out. 
In the context of molecular diagnostics, there are some clear advantages to assess the host 
response rather than bacterial invasion. That is probably why there have been more approaches in 
that direction. Each site and tissue fluid has its specific environment of host factors (70-72). This 
fact, per se, can circumvent the problem of contamination with e.g saliva. The composition of the 
respective analyte can be altered because of the proximity to an inflammatory process. Therefore 
factors associated with disease can be associated or controlled against counterparts associated 
with health.  
 
Which fluid to collect? 
Depending on the different clinical situations given, intervention may aim in maintaining pulpal 
vitality or regaining periapical health. Logic would dictate that different clinical situations have 
to be approached with different tests. Biologically, the main target should be to locate the 
bacterial invasion in the continuum of the pulp space and the periapex (Fig. 1). The following 
text will discuss sampling fluids and sites. 
 
Gingival crevicular fluid (GCF) 
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GCF is an exudate that derives from the gingival crevice. It contains a multitude of host factors 
including antibodies, bacterial antigens, proteins and cytokines (73). In the late 1950s the idea 
was born to correlate molecular markers of GCF with periodontal inflammation, because GCF is 
produced and modified by the periodontal ligament (74). Since then many studies showed that 
host factors are differentially present in the GCF of periodontally affected teeth compared to 
healthy counterparts (75). The same has been shown for orthodontically induced root resorption 
(76) and trauma induced root resorption (77). All those observations share the feature that 
periodontal inflammation is assessed, regardless of the underlying cause. This is possible because 
the neural and vascular supplies of the periodontium and endodontium are functionally and 
anatomically connected (78, 79). Since collecting GCF is a non-invasive procedure, it might thus 
provide diagnostic information for any given clinical situation. However, studies investigating 
changes of host factors in GCF of endontically-involved teeth are relatively sparse. Some studies 
showed that the composition of neurotransmitters, interleukin-8 or MMP-8 differs in GCF of 
painful and non-painful teeth (80-83). Other investigations pitched at evaluating the differences 
in molecular composition of GCF between teeth with asymptomatic apical periodontitis 
compared to non-diseased controls (84-86).  
GCF analyses are deemed to be promising by some researchers, because apical periodontitis, like 
marginal periodontitis, is a local inflammation of the periodontal ligament. And indeed, in theory 
it might be even possible to assess the dynamics of apical periodontitis (e.g. healing of apical 
periodontitis after root canal treatment) using GCF. However, one major drawback in the 
evaluation of host mediators in GCF is that tissue inflammation, independent of its cause, is a 
non-specific process of the innate immunity (87). This renders it difficult, if not impossible, to 
distinguish on a molecular level between a marginal and an apical periodontal inflammation. 
Thus, there will always be bias from gingival or periodontal inflammation in GCF analyses 
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targeted at pulpal or periapical disease. Furthermore, the GCF is unlikely to be able to reflect the 
spatial level of microbial progress in the pulp space, which, as delineated above, should dictate 
treatment decisions. The gingival crevice is thus probably not the most ideal collection site for 
molecular diagnostics in endodontics. 
 
Pulpal blood 
Blood and its cellular components play an essential role in the specific and the non-specific 
immune system. Hemogram analyses are a standard of care in general medical practice and 
enable to draw conclusions on a variety of conditions with an effect on blood composition. Blood 
from the pulp can carry factors, which differ from those in the peripheral blood (88), indicating 
that there is site-specific information to be gained from this fluid.  
The first person to investigate a pulpal blood hemogram was Dr. Florian Prader at the University 
of Zürich (70). In 1949 he compared pulpal blood smears of teeth with advancing endodontic 
infection to their inflammatory status assessed by histology and concluded, that progressing 
bacterial involvement is associated with a quantitative elevation of cellular blood compounds, 
most prominently polymorphonuclear neutrophil granulocytes (PMNs). About fifteen years later, 
Guthrie and co-workers published their classic study on pulpal blood examination (89). They 
compared clinical signs and symptoms of endodontically involved teeth with pulpal blood smears 
and the histologic status of those same teeth after extraction. The authors made two main 
observations, which are worth to be repeated word by word: 
1) “The fact that a high percentage of the pulps in the poor risk (for vital pulp therapy) group 
bled profusely from the exposed site upon removal of the caries, gave limited support to 
the belief that excessive hemorrhage from an exposed pulp is one contraindication for 
vital pulp therapy.“  
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2) “It was interesting to note that non of the teeth which exhibited high neutrophil counts 
were found to be in the good risk group (histologically).” 
This study highlighted again the pivotal role of PMNs in the breakdown of the pulp. 
Since the Guthrie study, merely two studies used modern molecular techniques (enzyme-linked 
immunosorbent assay, ELISA) to evaluate pulpal human blood for molecular markers at the 
protein level (90, 91). Nakanishi and co-workers looked at upstream markers in the inflammatory 
cascade, and found that IgG, IgA, IgM, elastase, and especially prostaglandin E2, but not IL-1 
and IL-6 were elevated in inflamed compared to healthy teeth. A recent study found that the 
neutrophil-attracting chemokine IL-8 was significantly elevated in symptomatic pulpitis teeth 
compared to clinically healthy counterparts and teeth with mere caries exposure of the pulp (91). 
One reason that this field of research did not gain much attention in the past may be that sampling 
pulpal blood requires entering the pulp space. It has been shown that entering the pulp space 
lessens the chance of the pulp to survive (39). Nevertheless, current scientific intentions aiming at 
pulpal revascularization or regeneration have in common that the pulp space is accessed. In such 
situations molecular diagnostic of pulpal blood might provide valuable information on the 
condition of the pulp. There may be an impasse though, and that is the fact that blood interferes 
with most protein assays (92, 93).   
 
Dentinal fluid  
Dentinal fluid is the extracellular fluid that is contained in dentinal tubules (94). The idea to 
sample dentinal fluid from the dentin wound to assess the state of the pulp stems from the 
research group around Professor Pashley (95). It was suggested to assess factors associated with 
PMNs, which makes a lot of sense, as was already noted by Guthrie and co-workers (89), and 
will be discussed later in this text. The Pashley group performed a multitude of studies on the 
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fluid flow through dentin in teeth of the dog. The first study on protein levels in dentinal fluid in 
human teeth collected in situ was performed by Knutsson and co-workers (96). These authors 
filled access cavities with saline solution, and collected the content of the access cavity 15 min 
after application to analyze serum albumin levels. This is clinically not practicable and highlights 
the main problem with dentinal fluid collection: low yields of protein. In in vitro studies this 
problem may be overcome by collecting the whole fluid content of an extracted tooth by occlusal 
trimming and centrifugation (97). However, this is not possible in studies on vital teeth, and thus 
samples have been pooled from multiple teeth (98). This approach, for obvious reasons, cannot 
be taken in diagnostics.  
In a relatively recent study on dentinal fluid analysis in clinically healthy and highly painful teeth 
affected by clinically irreversible pulpitis, folded polyvinylidene difluoride (PVDF) membranes 
were used to collect dentinal fluid from exposed dentin. The dentin wound was dried by 
pressured air prior to collection (99). MMP-9 was identified by a highly sensitive assay in 7 of 16 
teeth diagnosed with irreversible pulpitis, compared to zero MMP-9-positive samples from the 12 
healthy control teeth. The inconsistent recovery of MMP-9 in the clearly symptomatic pulpitis 
teeth was related to low yields and the possible inability of the PVDF membrane to absorb the 
fluid from the tubules. As has been shown in the context of GCF collection and analysis, the type 
of vehicle that is used has a great impact on protein absorption and release (100). Consequently, 
the authors performed a study to compare different vehicles for possible dentinal fluid collection 
in vitro and in vivo (101). It was found that large-pore cellulose membranes yielded more of a 
molecule of diagnostic value (MMP-2) compared to PVDF counterparts. However, more research 
is necessary to assess whether or not dentinal fluid analysis could ever become clinically feasible 
and meaningful.  
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It is certainly so that, if procedural problems can be resolved, dentinal fluid diagnostics would be 
most helpful in all the dental interventions that aim at maintaining a healthy coronal pulp. 
Dentinal fluid analysis could shine some light on the clinically unresolved questions of whether 
or not a pulp has a chance to survive indirect pulp capping or the mere preparation of the tooth as 
an abutment for an indirect restoration. 
  
Periapical fluid 
The term “periapical fluid”, or “periapical tissue fluid” refers to the extracellular fluid present in 
the periapical area. If the periapical tissues become inflamed, the periapical fluid becomes an 
exudate, and its composition is modified (102). There are different sub-types of exudates. In case 
of severe inflammation, for example, an exudate can become purulent and contains dead cell 
fragments (e.g. from PMNs). Because exudate formation is an immediate host reaction, analysis 
of the exudate may provide useful information about the current state of inflammation. Collecting 
periapical fluid during root canal treatment is feasible after full pulpectomy. Ascending periapical 
fluid has been collected either by inserting a paper point or a methylcellulose strip to working 
length, or by aspiration with a syringe (72, 103, 104). Studies on apical root anatomy of 
permanent human teeth showed that the diameter of the apical constriction is usually ≥ ISO-size 
20 (105). Therefore, it is even possible to protrude a small-sized paper point slightly beyond the 
apical constriction to collect the tissue fluid present there (106).  
One outstanding feature of analyzing periapical fluid is that it enables researchers to study the 
inflammatory response to a microbial infection in a closed environment in humans (107). The 
background noise of mediators not induced by the immediate disease process, a common problem 
with GCF analysis, is not present. Bacteria-related factors like endotoxin, and host-related factors 
like cytokines, immunoglobulins, or MMPs have been identified from periapical exudates in 
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human root canals (72, 108-110). The concentrations or ratios of some factors in periapical fluid 
have been shown to correlate with clinical signs and symptoms (111-113), the presence of 
purulent exudate (102, 114), or the size of the preoperative apical radiolucency (104, 108, 115). 
Furthermore, a relation between root canal treatment and the decrease of certain factors could be 
established (102-104, 110). Overall, those studies suggest that periapical fluid can be analyzed 
for molecular markers and that their concentration can change under different clinical conditions. 
Periapical fluid could be especially helpful to monitor early signs of healing in a two-visit 
treatment approach (114, 116, 117). In contrast to the slow recession of periapical radiolucencies, 
the change in molecular composition of periapical fluid appears to occur quickly, and thus a 
chair-side assay could be helpful to decide at the beginning of the second endodontic visit 
whether a root canal system can be filled or requires more thorough disinfection. 
 
Which target molecules should be considered? 
Pulpitis and apical periodontitis are caused by mixed opportunistic infections. The host response 
to these is collectively termed the innate or non-specific immune system. Histologic studies 
clearly show that pulpitis is a PMN-driven inflammation (15, 118). In fact, the PMNs form a wall 
of defense against the microbial invaders (26). PMNs produce a whole array of proteolytic 
enzymes (119, 120). These digest soft tissue and make it possible for the PMNs to infiltrate the 
site of bacterial invasion. However, the innate defense mechanism has also its limits. If the 
microbial invaders are not removed from the tooth, abscess formation ensues (121), and the pulp 
tissue necrotizes. In the context of disease progression, this means that the host gradually loses its 
access to the site of microbial presence (Fig. 3). In the periapical tissues the situation is slightly 
more complex, because bone resorption occurs concomitantly to the recruitment of the 
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inflammatory infiltrate (107). Nevertheless, the basics of the immune response remain similar in 
the pulp space and the periapical area. 
Studies on whole pulp tissue consistently showed that PMN-related enzymes such as Elastase and 
Cathepsin G (122, 123) and MMP-9 (124) are elevated in clinically inflamed compared to healthy 
dental pulps. Histologically, the presence of these enzymes or their respective mRNAs is strongly 
correlated to the inflammatory infiltrate (125, 126). The same is true for IL-8, the main neutrophil 
chemoattractant. At the gene expression level, IL-8 levels are distinctly different between 
clinically healthy and inflamed human dental pulps, while upstream genes encoding for early 
inflammatory responses such as IL-1β do not differ between these clinical states (127). IL-8 
expression is also spatially correlated with the inflammatory infiltrate (128).  
When it comes to monitoring periapical health, the picture is less clear (107). This is probably 
also because some studies aiming to identify factors associated with apical periodontitis 
investigated chronic lesions undergoing apical surgery rather than progressive (acute) lesions 
(129). These lesions could effectively represent relatively healthy tissue with little propensity to 
ever become acute (130).  
Based on these biological givens, it makes most sense to monitor PMN-related factors in 
molecular diagnostics. Less site-specific, upstream inflammatory markers such as IL-1β are not 
suitable as markers for pulpitis (90, 127), and probably also not for apical periodontitis. Most 
interestingly, all the studies that have been performed thus far comparing clinically healthy and 
diseased teeth by assessing PMN-related markers in GCF, pulpal blood, dentinal fluid, or 
periapical fluid, a significant difference was found between the two states (Table 1). PMN factors 
could thus also be key in identifying an on-going inflammatory process in the periapex. A recent 
study by the authors showed the absence of IL-8 at the protein level in periapical fluid of teeth 
with irreversible pulpitis, in contrast to counterparts with apical periodontitis (131). Alternatively, 
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factors associated with bone resorption could be targeted, but these appear to provide less 
unequivocal results (132). 
As clinicians, perhaps unknowingly, we already take PMN activity into account when treating 
teeth with apical periodontitis and a fistula. If the fistula disappears after the first visit, we know 
that healing has initiated. If the fistula is still there at the second visit, we know that we have to 
improve our root canal disinfection protocol and/or consider the (rare!) possibility of a self-
sustaining extra-radicular infection (133). 
 
Chairside assays: will they ever be possible? 
In dentistry, few sophisticated diagnostic tests have ever made it to market. The main reason for 
this is probably that cost and time for these assays do not justify their application. Nevertheless, it 
is interesting to note that in periodontology, molecular testing methods have found their way into 
clinics (134), even though potential overtreatment by the dental hygienist is cheaper than most of 
the tests that are currently on the market, with little or no side effects for the patient. In 
endodontology, all the procedures are usually performed by a specialized dentist, and are 
therefore expensive. Furthermore, false treatment decisions may cause severe pain to the patient. 
Consequently, it would make sense to develop better diagnostic tests not only from a health 
perspective, but also from a socio-economic point of view. Ideally, these tests should be 
performed chair-side, because it makes little sense to recall a patient just because we have to wait 
for a test result from the lab. 
The levels of host factors discussed in this communication can, in theory, be assessed at three 
levels: gene expression (mRNA), protein, and active protein. Assays targeting the gene 
expression level are unlikely to ever be applicable in a chair-side set-up. The one GCF assay that 
is on the market to measure soft tissue breakdown in periodontal pockets targets active MMP-8, 
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and thus, PMN activity (135, 136). This assay is based on the immunochromatography principle, 
which uses two monoclonal antibodies specific for different epitopes of MMP-8. The assay is 
essentially similar to a common pregnancy test, just with a different target molecule. It has been 
sold under various brand names such as PerioSafe and Periomarker by different companies, such 
as Dentognostics, Hager und Werken GmbH, and GlaxoSmithKline Consumer Healthcare. The 
priority date for the underlying patent (WO1996007103 A1), filed by Professor Timo Sorsa, was 
August 26, 1994. The patent will thus expire this year. It would be most interesting to evaluate 
whether such assays could also be developed for the analysis of dentinal and periapical fluid. 
With the former, there will most likely be a sensitivity problem, as the target proteins collected 
from dentinal fluid are in the low ng range (101). With periapical fluid, on the other hand, yields 
are similar to GCF, and assays could be developed easily.  
 
Concluding remarks 
In summary, we can state that much research is necessary to advance molecular diagnostics in 
endodontology. However, it would appear that it is worth the effort. This communication was 
composed to summarize information, which is not normally presented in this clinical context. 
Apparently, few researchers have embraced this topic, and hopefully, this will change in the near 
future.  Based on the current state of knowledge, some key points should be investigated: 
• Detection of bacterial aggregates in the root canal/ dental pulp by direct optical methods; 
• improvement of protein yield in dentinal fluid collection; 
• interference of pulpal blood with the assessment of target proteins; 
• correlation between PMN markers in dentinal and/or periapical fluid and clinical 
outcomes, such as maintained pulp vitality or healing of periapical lesions. 
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Captions 
 
Figure 1. Schematic depiction of different histiological states of the pulp and the periapex, which 
can be encountered with similar results obtained by current diagnostic tests. Bacterial invasion is 
represented in green, inflammatory infiltrate in red. With a positive pulp test, in the absence of 
radiolucency, the pulp may already be infected and thus irreversibly inflamed, at least in its 
coronal aspect (top right). With a negative pulp test and an apical radiolucency, on the other 
hand, parts of the pulp tissue may still be vital and not necessarily be infiltrated with 
inflammatory cells (bottom, left). This diagram should highlight the need for better, site-specific 
diagnostics that can reveal the state of the pulp and/or the periapex. 
 
Figure 2. Longitudinal section of a molar affected by caries excited with violet light (370-420 
nm) and observed through a 530 nm highpass filter (A). This method is applied clinically in a 
system known as FACE (fluorescence-aided caries excavation). A clinical picture (B) shows a 
premolar before complete caries excavation. The method highlights porphyrin rings, which are 
abundant in the presence of certain bacteria. This can be appreciated by directly monitoring 
bacterial colonies: Prevotella intermedia growing on blood agar depicted using the FACE 
method (C). These images are courtesy of Prof. Wolfgang Buchalla, Regensburg, Germany. 
 
Figure 3. Microscopic view of a histologic specimen from a mandibular molar affected by caries. 
Note the heavy infiltration of the pulp tissue with polymorphonuclear neutrophil granulocytes 
(PMNs), leading to abscess formation and pulp necrosis (courtesy of Prof. emeritus Hans-Ueli 
Luder, University of Zürich). 
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Table 1. Studies on PMN markers to diagnose the inflammatory status of the pulp or the periapex* 
Reference Substrate Target molecule(s) Significant result** 
Karapanou et al. 2008 (82) GCF IL-8 yes 
Shin et al. 2011 (83) GCF MMP-8 yes 
Belmar et al. 2008 (84) GCF MMP-9 yes 
Nakanishi et al. 1995 (90) Pulpal blood Elastase, prostaglandin E2 yes 
Elsalhy et al. 2013 (91) Pulpal blood IL-8 yes 
Zehnder et al. 2011 (99) Dentinal fluid MMP-9 yes 
Wahlgren et al. 2002 (110) Periapical fluid MMP-8 yes 
Guo et al. 2000 (111) Periapical fluid IL-8 yes 
Shimauchi et al. 2001 (112) Periapical fluid IL-8 yes 
Alptekin et al. 2005 (113) Periapical fluid Elastase yes 
Alptekin et al. 2005 (114) Periapical fluid Elastase, prostaglandin E2 yes 
Numbers in parentheses relate to the numbers in the reference list. 
Abbrevations: PMN: polymorphonuclear neutrophil granulocytes; GCF: gingival crevicular fluid. 
*Only studies individual human teeth of different clinical states are included (no pooled samples). 
**Significant difference at the ≤ 5% level between clinically/histologically healthy and diseased teeth. 
 
 
